ABSTRACT
INTRODUCTION
Ultrasound assessment of fetal size is commonly performed prenatally to screen for suspected poor fetal growth as well as to identify large-for-gestational-age fetuses. One marker used for this purpose, despite its limitations, is estimated fetal weight (EFW). EFW can be determined indirectly from two-dimensional skeletal and non-skeletal measurements, such as head circumference (HC), biparietal diameter (BPD), abdominal circumference (AC) and femur length (FL), using any one of numerous published EFW formulae 1 -4 . Two new multiethnic international biometry references for fetal size, from the INTERGROWTH-21 st project and a World Health Organization (WHO) study, have been published recently in order to overcome limitations of many existing biometry and size references [5] [6] [7] [8] . Both fetal size references now provide a continuum by which all fetuses can be assessed from early pregnancy to infancy. In constructing their EFW reference, INTERGROWTH-21 st developed a new EFW model using data from mothers and pregnancies which met minimum criteria with regard to age, height, weight, diet and pre-existing medical conditions, and after excluding those who developed any antenatal complications that may have affected fetal size 5, 6, 8 . The INTERGROWTH-21 st prescriptive approach is in contrast to the descriptive approach adopted in the WHO study, as the latter included antenatal growth-related complications and made use of a pre-existing weight estimation model to construct an EFW reference 7 . The WHO study indicated significant differences at specific centiles in EFW and ultrasound parameters between participant countries, even after adjusting for maternal characteristics and fetal sex 7 .
Whilst the WHO international EFW 10 th centile at 40 weeks was 3100 g, the corresponding centile in India was 2700 g, compared with 3400 g in Norway, a difference of 25%. This variation in centile values would be at odds with the one-size-fits-all approach advocated by the st . The WHO study authors advised that it is prudent to check the performance of any reference in a particular setting, in case minor adjustment or replacement by a population-descriptive reference is needed 7 . The clinical utility and suitability of the st and WHO EFW references in independent populations has not yet been assessed. The WHO study, whilst not performing a direct comparison, did note that the INTERGROWTH-21 st AC 10 th centile was significantly lower than that in their own reference, even after excluding antenatal complications that may affect size and growth 7 . Our previous study assessing the st biometry standard in a Southern Chinese population indicated that 15% of fetuses undergoing routine mid-trimester morphology assessment had AC, HC or FL below the INTERGROWTH-21 st 3 rd centile 9, 10 . As EFW is derived from fetal biometry, any difference in primary ultrasound measurements may also result in differences in EFW and potential over-or under-intervention for suspected fetal growth problems.
The objective of the current study was, therefore, to determine whether the INTERGROWTH-21 st reference could be applied to our Southern Chinese population, by deriving an EFW reference for our local population and comparing directly specific centiles against those reported in the INTERGROWTH-21 st and WHO international references. A secondary aim was to determine the accuracy of EFW by assessing the difference between EFW and actual birth weight using the gestational-age-adjusted projection (GAP) method.
METHODS
This was a prospective cross-sectional cohort study conducted at a university obstetric unit which caters for both low-and high-risk obstetric populations. Non-smoking Chinese women with a viable singleton pregnancy, attending for their 11-13-week hospital authority Down syndrome screening between April 2015 and May 2016, were invited to participate in the study 11 . Women with multiple pregnancy, non-viable pregnancy or fetal anomalies detected at the time of their 11-13-week ultrasound scan were excluded from participation. Gestational age (GA) at the time of screening was determined using a Chinese-specific crown-rump length (CRL) dating formula 12 . The study was approved by the Institutional Review Board (Joint Chinese University of Hong Kong/New Territories East Cluster Clinical Research Ethics Committee, Reference Number CRE 2014.507).
Women who consented to participate were invited to attend for a study-specific ultrasound examination for measurement of fetal biometry at a gestational week between 20 and 39 weeks that was prespecified using random allocation. Ultrasound examinations were arranged either in the specified gestational week or within 3 days of it. Women were contacted by telephone 1 week before their scheduled visit to remind them of the date of their study scan. The birth weight of each neonate was measured by a trained midwife using an electronic scale within 1 h of birth and recorded to the nearest 5 g in the hospital delivery record.
Ultrasound examination
Transabdominal ultrasound was performed using standard commercially available ultrasound probes and machines (Voluson 730 Expert, Voluson 730 Pro, Voluson E6, Voluson E8 (GE Medical Systems, Zipf, Austria), IU22 (Philips, Amstelstein, The Netherlands)). The fetal head was measured in the axial transthalamic plane so that the continuous midline echo was broken by the cavum septi pellucidi in the anterior third, and both thalami could be seen symmetrically 13 . Care was taken to ensure that the calvaria appeared smooth and symmetrical bilaterally. BPD was measured from the outer edge of the proximal calvarial wall to the inner edge of the distal calvarial wall (outer-inner). HC was measured in the same plane by placing calipers over the outer calvarial wall and fitting a computer-generated ellipse to include the outer edges of the calvarial margins of the fetal skull. AC was measured in a transverse circular plane of the fetal abdomen at the level at which the spine, descending aorta, anterior third of the umbilical vein and stomach bubble could be seen in the same plane 4 . FL was measured in a plane in which the full femoral diaphysis was seen almost parallel to the transducer, and the measurement was made from one end of the diaphysis to the other 14 . The epiphysis was not included in the measurement. All images were enlarged to fit the screen before measurements were made. 
Determination of EFW

Derivation of local gestational-age-specific EFW references
Two GA-specific EFW references, one based on EFW HD and the other on EFW IG , were developed using the Generalized Additive Models for Location, Scale and Shape (GAMLSS package version 5.0, 'R' statistical software package version 3.3.2), recommended by the WHO [16] [17] [18] . This is a semi-parametric technique which can be used to generate linearizing regression functions which vary with gestation, in order to adjust for skewness and kurtosis. Best-fit models were developed in a step-wise manner starting from an initial class of models based on mean and SD, followed by Box-Cox Cole Green and finally Box-Cox power exponential. All EFWs were transformed to their natural log equivalent before models were constructed. Goodness-of-fit of the models was assessed by inspecting residuals using quantile-quantile (Q-Q) plots for all measurements, detrended Q-Q plots and comparison of empirical centiles to the fitted centiles 19, 20 . Empirical centiles were determined for comparative purposes by grouping EFW according to completed weeks.
During modeling, the generalized Akaike information criterion (AIC) was used to compare models, with lower AIC indicating better fit 21 . GA was included as a polynomial power or as a second-degree fractional power. The final models were chosen as a balance between smoothness of centiles, goodness-of-fit and model simplicity. The final selected models were used to determine centile values for the 10 th , 50 th and 90 th centiles (z = ± 1.282). Centiles were determined using the expression μ × (1 + z p υσ) 1/υ , in which z p is the centile of interest and μ, υ and σ are dependent on the time covariate, GA.
A priori, it was estimated that 942 ((1 + 0.5 × 1.645
2 )/0.05 2 ) measurements would be needed for the standard error (SE) of the 10 th and 90 th reference centile levels to be 5% of the overall SD, assuming that the SE of the centile of interest can be expressed as a multiple of SD, using the formula 2 1 + 0.5z 2 1−α/2 /n, according to Royston 22 . The planned sample size was increased by a further 20% to allow for dropout. A block randomization sequence was used to allocate each of the 1160 subjects to undergo a scan at between 20 and 39 weeks, which would result in an estimated 58 subjects per week if all women attended for their assessment.
Comparison with INTERGROWTH-21 st and WHO
We compared our two locally derived EFW references against the international references determined by the INTERGROWTH-21 st and WHO studies using the method described by Salomon et al. 23 . For each gestational week, from 22 to 39 weeks, the reported unconditional 10 th , 50 th and 90 th smoothed centiles were either extracted or calculated from the published studies 7, 8 . The data were then expressed as Z-scores using the formula Z = ((X GA /μ GA ) 1/υ − 1)/ υ GA σ GA , in which X GA is EFW from either of our local references or those in the WHO and INTERGROWTH-21 st studies at a known GA, and υ GA, μ GA and σ GA are the location, mean and scale values, respectively, at any GA determined using our local EFW reference derived from weights predicted using Hadlock, reported in Table 1 . Results were presented graphically across different GAs to allow for visual inspection. A Z-score of 1 indicated a difference of 1 SD at that GA.
Comparison between birth weight and EFW at delivery
The difference between predicted and actual birth weight of fetuses scanned at or after 34 weeks of gestation, after adjusting for the scan-to-delivery interval, was used to determine prediction accuracy. Predicted weight on the day of delivery (EFW D ) was determined using GAP 24, 25 . EFW at the time of the scan based on fetal biometry (EFW scan ) was determined using the Hadlock and INTERGROWTH-21 st weight prediction formulae. Predicted weights were then converted to Z-scores (Z U ) of our local and INTERGROWTH-21 st references using the expression Z = ((ln(EFW scan )/μ) υ − 1)/υσ. GA-specific SD of the WHO EFW reference were estimated as the difference between the reported 10 th and 90 th centiles, divided by 2.563. EFW D was then determined assuming that 'normal' fetuses do not cross centiles to any significant degree and maintain the same relative weight for GA centile. The proportion EFW scan above and below 90 th and 10 th centiles was determined. The absolute percentage error, 100 × (EFW D -ABW)/ABW, was used to assess the difference between predicted EFW D and actual birth weight (ABW). Analysis was performed using the Statistical Package for Social Sciences (SPSS) for Windows version 22 (IBM Corp., Armonk, NY, USA).
RESULTS
Of the 1154 women who were invited for fetal biometry assessment, 970 (84.1%) had an ultrasound scan between 20 and 39 completed weeks of gestation. Forty-nine (4.2%) women did not have an ultrasound scan due to spontaneous miscarriage (n = 11), elective termination (n = 9) or delivery before their scheduled visit (n = 29). A further 135 women either failed to attend or withdrew from the study. There was no significant difference in parity (P = 0.06), maternal age at delivery (P = 0.99), maternal weight at 12 weeks' gestation (P = 0.62), maternal height (P = 0.65), fetal CRL (P = 0.59) or GA (P = 0.65) at recruitment, between those who did and those who did not undergo ultrasound examination. The median number of study visits per gestational week was 48 (interquartile range (IQR), 43-53).
The mean maternal age at expected date of delivery in the 970 women who had a scan was 31.97 (SD, 4.06) years. Of these women, 228 (23.5%) were of advanced maternal age (≥ 35 years) and 526 (54.2%) were nulliparous. Median fetal CRL and GA at recruitment were 60.6 (IQR, 55.6-65.1) mm and 88 (IQR, 85-90) days, respectively. Median pregnancy-associated plasma protein-A (PAPP-A) multiples of the median (MoM) was 0.96 (IQR, 0.68-1.38) and 40 (4.1%) pregnancies had an adjusted term risk for Down syndrome of 1:250 or higher. Eighty-eight (9.1%) women had PAPP-A MoM ≤ 0.5, of whom 70 (79.5%) had an adjusted term risk for Down syndrome of 1:251 or less. Eighty-five (8.8%) women were diagnosed with gestational diabetes mellitus and five (0.5%) with pre-eclampsia. Thirty-nine (4.0%) women had a preterm delivery, including five (0.5%) with a delivery prior to 32 completed weeks. All fetuses were live born. Mean birth weight and GA at delivery were 3116 (SD, 416) g and 274 (SD, 9.9) days, respectively. Fourteen (1.4%) fetuses were macrosomic (≥ 4 kg) and 508 (52.4%) were males. Males were, on average, 3% heavier at birth compared with females (3160 (SD, 449) g vs 3069 (SD, 372) g; P = 0.008). For the 472 (48.7%) women who would have been eligible for recruitment to the INTERGROWTH-21 st study based on physical size and age (height > 153 cm; BMI, 18-24 kg/m 2 ; age, 18-34 years), birth weight was 65 g greater than that for non-eligible women (mean, 3085 (SD, 421) g vs 3150 (SD, 410) g; P = 0.02). Unconditional EFW reference charts in our local population were constructed as there was only a 2-3% difference in birth weight between male and female fetuses, which, while statistically significant, was not considered clinically significant. st -based reference, and 1 (SD, 31) g, −7 (SD, 23) g and −7 (SD, 46) g for our Hadlock-based EFW reference. Differences between empirical and smoothed centiles were not statistically significant (P > 0.23 for all), indicating good agreement between empirical and smoothed centiles for both references. Figure 3 presents the local vs international reference comparison for the 10 th , 50 th and 90 th centiles. Consistent with Figure 2 , the 10 th , 50 th and 90 th centiles of the WHO international reference were higher than those in our local reference, even though both were based on Hadlock-derived EFW. The 10 th centile of the INTERGROWTH-21 st international standard was consistently lower than both of our local references from 27 weeks onwards, as well as being below the WHO international 10 th centile. The 50 th and 90 th centiles of st weight prediction were within 0.5 SD from the third trimester onwards.
Two hundred and fifty-eight (26.6%) fetuses had biometry assessed at ≥ 34 weeks of gestation. The median scan-to-delivery interval was 22 days (IQR, 12-29 days). Twenty-seven (10.5%) women had gestational diabetes mellitus, none had pre-eclampsia or eclampsia and five (1.94%) had a preterm delivery. Of the fetuses, 128 (49.6%) were female. Mean weight was 3128 (SD, 358) g, eight (3.1%) fetuses had a birth weight ≤ 2.5 kg and five (1.9%) had a birth weight ≥ 4 kg. Three of the eight women with fetal birth weight ≤ 2.5 kg delivered between 35 and 36 weeks. Table 2 compares the clinical utility of the locally derived descriptive references vs the two international references. Nearly twice as many fetuses had EFW below the WHO 10 th centile compared with the other references. Fewer than 2% of fetuses had EFW greater than the 90 th centile of either the INTERGROWTH-21 st or the WHO reference. Mean and SD of the absolute error between GAP predicted weight and actual birth weight were similar, with a maximum difference < 2%.
DISCUSSION
Gender-independent EFW charts based on Hadlock and INTERGROWTH-21
st weight-prediction formulae were designed to provide descriptive references in our local population, to facilitate the uniform determination of risk and to standardize clinical management. Our study supports the advice of the WHO fetal growth study group, who recommended that performance of intended international references should be assessed to determine their suitability, as fetal growth and size are biological parameters which may vary within and between populations 7 . Our results indicate, firstly, that neither international EFW reference resembled our population and both would need to be customized. Secondly, the WHO 10 th , 50 th and 90 th centiles of the EFW reference were consistently higher than the corresponding centiles determined in our local population, even though fetal weight was predicted using the same Hadlock model. Thirdly, the INTERGROWTH-21 st 10 th centile was lower than that determined in our local population, even though the women recruited into our study were from the general population and were not required to fulfill the INTERGROWTH-21 st prescriptive criteria with regard to physical size. Fourthly, the 90 th centiles of the WHO and INTERGROWTH-21 st references were markedly higher than those determined in our population descriptive references and, as a result, very few fetuses (fewer than 2%) would be considered as potentially large-for-gestational-age. Fifthly, the WHO international reference would result in approximately one in six fetuses being regarded as potentially small-for-gestational age, 50% more than those determined using our local descriptive references. Lastly, the systematic error of extrapolated EFW based on GAP from 34 weeks was similar to the 6% reported by Mongelli and Gardosi 24 . Random errors, however, were lower than those reported by the same authors, even though our mean scan-to-delivery interval was longer.
The main strengths of our study were, firstly, its prospective cross-sectional design and that participants were from the general obstetric population. The methodological approach taken in the present study was similar to that employed previously by our group to determine Data are given as n (%) or mean ± SD. BW, birth weight; GAP, gestational-age-adjusted projection.
fetal biometry reference charts 26 . Women were recruited in the first trimester and then allocated randomly to a specific gestational week for a research ultrasound examination which avoided a predominance of measurements from being taken at specific clinical antenatal assessment points. Secondly, all participants had an early estimation of GA using a Chinese-specific CRL dating formula which had been assessed previously and was rated highly by the INTERGROWTH-21 st group for methodological quality in their systematic review of dating formulae 12, 27 . Thirdly, we used pre-existing, standardized measurement protocols for biometry assessment and biometry reference charts, again rated highly by the INTERGROWTH-21 st group. Lastly, we performed a comparison of fetal biometry to determine whether fetuses of women who satisfied the INTERGROWTH-21 st study criteria were significantly smaller or larger than fetuses that did not fulfill the INTERGROWTH-21 st criteria in regard to age, BMI and height. This approach is similar to that adopted by st when constructing the pooled biometry standard.
The limitations of our study were, firstly, that the EFW reference charts were constructed in a single ethnically homogeneous group, specifically Chinese, which reflected the ethnic background of women seeking antenatal care at our unit. Secondly, we did not perform inter-and intraobserver variability studies. Whilst interand intrasonographer variability cannot be eliminated completely, it has been minimized by standardization of measurement protocols in our unit 26 . Lastly, we were able to assess only the WHO international reference and had to estimate GA-specific SD as the authors did not report their EFW reference equations.
Accurate and reliable determination of EFW is an integral part of fetal assessment as it is one of the parameters that allows clinicians to detect potentially smallor large-for-gestational-age fetuses. Growth-restricted fetuses have higher perinatal morbidity and mortality, and accurate identification of such fetuses would allow them to be monitored closely and delivered in a timely manner, before intrauterine fetal death occurs. Recognition of large fetuses is likewise important, as these should be monitored for complications, such as gestational diabetes mellitus, and they should be induced at term to reduce the risk of shoulder dystocia 28 . Under-diagnosis of big or small fetuses could lead to increased perinatal morbidity due to a lack of appropriate monitoring or intervention, whereas over-diagnosis of such fetuses would lead to unnecessary monitoring, intervention and parental anxiety. As seen in the multiethnic WHO study, our results show that fetal size was higher than the corresponding standard in the INTERGROWTH-21 st , even though the latter excluded potential factors that may affect growth. This may be explained by the 10 th percentile of AC which was higher in the WHO and our study data. AC remains a significant component used to determine EFW, so any variation between references in AC would be expected to be reflected in the derived EFW. One might expect the INTERGROWTH-21 st EFW percentiles to be higher given that the researchers went to great lengths to remove environmental and health constraints.
One potential reason for the lower EFW in the INTERGROWTH-21 st study, relative to both our own study and the WHO study, could be that fetuses from specific study populations within the INTERGROWTH-21 st study had significantly smaller AC for GA than did others, resulting in a negative skew and thus an extension of the tail of the distribution.
The STORK Groruddalen study reported that South Asians were found to have significantly smaller AC and EFW relative to Europeans throughout the antenatal period 29 . Significant differences in fetal growth and birth weight between countries was noted in the WHO study, with differences being most obvious at the level of the 90 th centile of biometry and weight, with potentially less variance in the lower centiles. The WHO study indicated greater variance between countries towards the end of pregnancy. Our results agree with this, as differences in Z-score were greatest for the 90 th centile and increased in an exponential manner towards the end of pregnancy compared with the 90 th centile determined in our local population.
The WHO study authors' postulation that the 90 th centile is more dependent on population characteristics is thus consistent with our current findings. If customization of international reference centiles is required to make them fit with local clinical needs, then their potential clinical relevance would be limited, as many populations would need to generate their own 90 th centile. The WHO study confirmed previous findings of earlier studies, by our own and other groups, that fetal size is influenced by fetal sex, maternal height, weight, parity and age, along with a possible interaction between the developmental environment and genetic and epigenetic processes [30] [31] [32] [33] . We also assessed the ability of the st EFW formulae in our population. The mean absolute errors ranged from 5.5% to 7.4% of the actual birth weight, with approximately 90% of predicted birth weights being within 10% of the actual birth weight, using the GAP approach. Overall, the Hadlock EFW prediction model had the lowest mean and SD of the absolute error; differences between the two predicted weights are unlikely to be of clinical significance. The references used to interpret predicted weights, however, are of greater importance and should be standardized within populations to guide clinical management and determine risks in a uniform manner. It should be emphasized that EFW is only one of the parameters for assessment of fetal growth, and other fetal biometric parameters should also be measured and taken into account when assessing fetal growth and wellbeing.
In conclusion, there was a marked difference between the fetal weight of our Chinese population and the INTERGROWTH-21
st and WHO international standards and references. Centers seeking to use either as a means of determining whether a fetus is small-or largefor-gestational age would be recommended to follow the advice of the WHO study and assess the suitability of specific references within their own population using standardized methodology.
